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Abstract 
Acid Mine Drainage (AMD) is a by-product of mining industry which represents an 
environmental problem in terms of its acidity and high content of heavy metals. These 
properties make aqueous streams to be a toxic mixture that will damage aquatic life, 
destroys ecosystems and taints water. Different techniques are applied to solve this problem 
where metal ions precipitation and acidic neutralization by lime addition are the best options 
in terms of cost and benefit.  
Nanofiltration membranes present good performance to separate metal ions from aqueous 
solutions, so given this property; a commercial available aromatic polyamide membrane (NF-
270) was tested to treat simulated acidic water. Experiments were carried out with different 
membrane samples in a flat-sheet module. Two of the membranes tested were immersed in 
sulphuric acid 0,1 and 1 M for one month. Feed solution contains a high content in aluminium 
and sulphate and it has in lesser concentration transition metals (Ca, Cu, Zn) and rare earth 
elements (La, Pr, Nd, Sm, Dy, Yb). 
Virgin NF-270 membrane presents metal rejection higher than 98 % and the membrane 
immersed in 0.1 M H2SO4 exhibits same behaviour. The membrane aged in 1 M H2SO4 
presented metal rejection around 70 %, which suggest membrane properties were modified 
due to strong acidic conditions. A new challenge is to study the physic-chemical changes 
occurred on the polyamide membrane.  
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1. Glossary 
Symbols 
   Deybe Hückel parameter - 
     effective area of filtration m
2 
   solute concentration in the feed mole/L 
    cross-flow velocity m/s 
   concentration of component i in the medium mole/L 
   solute concentration in the permeate mole/L 
   diffusion coefficient m
2/s 
F Faraday constant C/mol 
IS ionic stregth mol/L 
   flow of a component i through the membrane mole/s 
   transmembrane flow m
3/m2·s 
   coefficient that reflects the nature of the medium - 
    Equilibrium constant - 
   pure water permeability 
m3/ 
(m2·bar·s) 
  Pressure bar 
   permeability coefficient of the ion i µm/s 
  flow rate L/min 
R Rejection - 
RG gas constant J/ mol · K 
T temperature º C 
t height of the feed channel m 
TMP Transmembrane Pressure bar 
          time collecting sample s 
Vp partial molar volume - 
w amplitude of the feed channel m 
x dimensionless position in the membrane - 
zi charge of the ion - 
     activity coefficient  
   mass of permeate sample kg 
  water density kg/m3 
  dimensionless virtual electrostatic potential in the membrane - 
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Abbreviations 
AMD Acid Mine Drainage 
FTIR Fourier Transform Infrared Spectroscopy 
ICP Induced Coulpled Plasma 
IEP Iso-Electric Point 
NF Nanofiltration 
REE Rare Earth Elements 
RO Reverse Osmosis 
UF Ultrafiltration 
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2. Introduction 
Rare earth is a term used to design the lanthanoids (La, Ce, Pr and so on) and those which 
share similar chemical properties (Y, Sc). Its presence in the earth is relatively abundant, but 
there are only a few mining site with a concentration high enough to be economically 
exploitable. Nowadays, one of the countries which provide more than 95 % of the market 
supplies is China. [1].  
These elements are indispensable in high-tech industry, for example, alloys of Nd and Pr are 
used in the generators of wind and hydro power generators and, alloys of Nd, Pr, Dy and Tb 
are used in computer disc drivers. [1] For this reason there is an increase need to promote 
secondary resources (e.g. industrial, mining and domestic wastes) as alternative routes for 
Rare Earth Elements (REE). It is of interest, in the case of Spain, the presence of REE on 
acidic mine drainage generated along the different basins of the pyritic belt of the South West 
areas of Andalucía (e.g. Huelva province). 
The extraction of the elements, in both primary and secondary resources, is done by acid 
leaching of the ore or the waste. Then metals are recovered using other process like 
precipitation or solvent extraction, requiring high amounts of chemicals and solutions. [1] 
In order to extract, separate and concentrate the REE from the acid streams, the use of 
nanofiltration to treat such acidic streams waters is proposed as a good alternative, due to 
the high implementation of membrane technologies in industrial applications in the chemical, 
hydrometallurgical and metallurgical industries. 
2.1. Goals of the project 
The main goal of the project is to study if aromatic polyamide nanofiltration membranes are 
suitable to treat acidic streams generated in mining processes that are characterized by the 
presence of relevant contents of REE in solution. The metal rejection of REE and transition 
metals will be studied under the acidic conditions expected in AMD and the effect of acidity 
onto the membrane structure will be studied to determine the stability of the membranes 
used. The transport of the main component of these types of streams will be studied by using 
solutions that simulate the expected conditions. 
Moreover, the ions rejection results will be modelled with the Solution-Diffusion Model to 
determine the ions permeance to the membrane. 
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2.2. Scope of the project 
This project could be divided in four main parts: 
 Review of the state of the art. First of all, an introduction of membrane 
technology is shown, focusing on the application of nanofiltration in metal 
extraction and concentration. Bibliography was consulted to evaluate the 
behaviour of nanofiltration membranes in different acid media. Finally a study of 
the models proposed to predict the behaviour of the membrane was shown. 
 Experimental work. The work that had been done in laboratory is detailed. The 
experimental set-up and the protocol of each experiment are explained, as well as 
the different analytic techniques that were used to characterize the liquid samples 
and the membranes.  
 Analysis and modelling of the data. The results were compared and they were 
modelled. New algorithms were developed using Matlab tools to determine the 
ions permeances to the membranes. Different membrane samples were wetted in 
sulphuric acid in order to compare the stability and the effect onto permeance 
coefficients. 
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3. Review of the state of the art 
Acid Mine Drainage (AMD) is a by-product of mining industry which presents a low pH 
and a high content of sulphate ion as well as heavy metal dissolved into water such as 
iron, aluminium, zinc and manganese. The origin of this water is the oxidation of sulphide 
minerals and its composition will depend on the geological characteristics of the site, 
microbial activity, temperature and availability of water and oxygen. The water generated 
contains a toxic mixture that will damage aquatic life, destroys ecosystems and taints 
water. [2], [3] 
There are many examples of AMD around the world. Río Tinto in Huelva (Spain) is an 
example of Acid Mine Water. The Iberian Pyrite has been a mining area since 3000 B.C. 
Nowadays there are a huge number of abandoned mines that are polluting the 
environment as Acid Mine Drainage. The Junta de Andalucía made a great investment in 
order to treat this water through remediation and restoration techniques. [4] 
The traditional approaches to treat this water are lime neutralization to precipitate sulphate 
as gypsum and metals as hydroxides. Biological treatments has also been proposed like 
the use of microorganisms to reduce sulphate to sulphide under anaerobic conditions to 
precipitate metal sulphides [3]. Other technologies have been proposed such adsorption, 
ion exchange, electrodialysis and membrane distillation [2].  
Due to the ability of nanofiltration membranes to reject multivalent ions and to its 
continuous growth in comparison with traditional methods, the application of nanofiltration 
to treat acid mine water will be studied in this work. 
3.1. Source and composition 
The generation of Acid Mine Drainage involves a combination of chemical, biological and 
electrochemical reactions. The acidity of this water is caused by the oxidation of sulphide 
minerals, which are unstable in contact with water or oxygen. Iron sulphide (FeS2), known 
as pyrite, is the most abundant sulphide mineral of the world. [2] 
There are three main steps in the formation of AMD. [2]  
1. Oxidation of iron sulphide and enhancement due to the presence of ferric iron. 
2. Oxidation of ferrous iron to ferric iron. 
3. Precipitation of iron hydroxide (III). 
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The first phase involves the oxidation of iron sulphide into ferrous iron, sulphate and 
hydrogen. The rate of the reaction depends on microbial activity, amount of water and 
oxygen and composition of the ore. [2] 
                         
       
       
If the environment has a great oxidation potential, which implies a dependency on oxygen 
concentration, bacterial activity and pH greater than 3.5, the ferrous iron will be oxidized to 
ferric iron. [2] 
               
               
This reaction is the limiting step of the process. If oxygen concentration is low, the 
reaction will not occur until pH reaches 8.5. The reaction is too slow under abiotic 
conditions at a pH below 5. [2] 
If ferric iron is in solutions whose pH lies between 2.3 and 3.5 the ion will precipitate as 
iron hydroxide (III). This implies a pH decrease according to the following reaction. [2] 
                         
  
Under pH lower than 2, iron hydroxide does not precipitate and it remains in the solution. 
[2] 
Ferric iron is also involved in the oxidation of pyrite, which takes place at pH below 3 and 
it will continue until sulphide mineral or ferric iron is exhausted. This reaction is from 10 to 
100 times faster than one that involves oxygen instead of iron. [2] 
             
            
        
        
The second and fourth reaction could be accelerated up to 100 times over abiotic 
oxidation if acidophilic bacteria (Acidithiobacillus ferrooxidans or Leptospirillum 
ferroxidans) are presented. This fact is due to these microorganism obtain energy when 
they oxidize ferrous iron to ferric iron. [2] 
The global reaction gives us an indicator of the potential of acidification of pyrite. As the 
global reaction shown, for each mole of pyrite oxidized four moles of protons are released. 
[2] 
                                          
        
The water will be rich in ferrous and ferric iron and once it reaches the surface oxidation 
and hydrolysis reactions take place. Depending on the conditions of pH, pe and 
composition of the water, precipitation of ferrihydrite, schwertmannite, goethite or jarosite 
could occur. [2] 
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The oxidation of sulphides minerals implies the formation of sulphuric acid, which have 
the capacity of dissolve different kinds of metals [2], [5]. 
In order to extract the different elements from mineral samples, the ore is exposed to a 
leaching process in which an acid solution is formed. Depending on the chemical 
composition of the ore or mineral, composition of AMD will vary, as it could be seen in 
Table 1Table 1.  
In order to purify acid streams nanofiltration has been suggested as a good alternative 
due to its ability to reject multivalent ions and to its lower cost than traditional methods. 
For these reasons metal and acid recovery by means of nanofiltration process will be 
studied.  
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Element Western 
Australia 
(copper) 
Mpumalanga 
coal mine 
(South Africa) 
Criciúma 
(carboniferous 
area - Brasil) 1 
Chessy-
Les-Mines 
(France) 
Odiel 
river 
(Spain) 
Aznalcóllar 
lake 
(Spain) 
pH 4.6 6.9 2.5 – 2.6 2.6 2.7 4.0 – 4.5 
Al 14 0.016  210 386 109 - 130 
As     2.123  
B  0.16     
Ba  0.013     
Ca 480 540 258 - 311  162 523 - 730 
Cd     0.5 1.9 – 2.1 
Co  0.3  0.06 3.4  
Cr     0.12  
Cu 410   160 64 31.8 – 35.2 
Fe 0.14 0.08 1473 - 2088 1470 2 1494 0.2 – 2.0 
K 310 29 1241 - 106  3 17.0 – 24.5 
Mg 770 860 138 - 155  414 1120 – 
1540 
Mn 440 25 23 - 33 5.5 37 183 – 218 
Mo  0.015     
Na 2000 21 385 - 457  32 70.5 – 94.5 
Ni  0.2  0.4 1.1  
Pb    0.5 0.06  
Sr  1.8     
Tl     0.03  
Th     0.02  
U     0.06  
V     0.07  
Zn  0.16 3 - 5 320 169 834 - 1010 
Cl- 2300 120 284 - 310   59.2 – 63.2 
F-  0.79     
NO3
-  120     
PO4
3-  5.6     
SO4
2- 6900 4600 7337 - 7862 5800 7460 7790 - 
8220 
Reference [3] [6] [7] [8] [4] [9] 
                                               
 
 
1
 The samples represent the water that has percolated from the waste that was produced from the 
coal processing steps. 
2
 Iron concentration is given as Fe(II) 
Table 1 – Composition of different acid mine drainage (ions concentrations are expressed in mg/L) 
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3.2. Membrane technology 
Membranes are considered as a permeselective barrier or interface that separates a feed 
stream in two streams: retentate and a permeate stream (Figure 1). [10] 
Due its multidisciplinary character it is 
useful in a large number of applications. In 
comparison to traditional methods presents 
several advantages: [10] 
- Low energy consumption. 
- Membrane process could be 
combined with other separation 
processes. 
- Separation could be carried out 
under mild conditions. 
- No additives are required. 
In spite of the great advantages that presents, there are several disadvantages to take into 
account: fouling, low lifetime and low selectivity or flux. [10] 
The performance of the membrane is determined by its selectivity and the flow through the 
membrane. The selectivity of the membrane is expressed by the retention or the separation 
factor. For dilute aqueous mixtures the selectivity is expressed as retention, which is given 
by: [10] 
  
     
  
   
  
  
 Eq.1 
Where    and    are the solute concentration in the feed and in permeate respectively. [10] 
3.2.1. Membrane classification 
According to its structure (Figure 2¡Error! No se encuentra el origen de la referencia.) 
membranes could be classified in: [11] 
 Isotropic membranes: 
o Microporous membranes. Its structure is similar to a conventional filter. It 
has a void structure with randomly and interconnected pores. The pore 
diameter lies between 0.01 to 10 μm. Separation is a function of molecular 
size and pore distribution.  
Figure 1 - Schematic representation of a two-phase 
system [10] 
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o Nonporous, Dense membranes. It consists on a dense film in which 
molecules are transported by diffusion.  
o Electrically Charged membranes. Inside their pore walls there are fixed 
positively or negatively charged ions. These membranes are considered as 
microporous or dense membranes. Separation is achieved by exclusion of 
ions of the same charge as the membrane structure.    
 Anisotropic membranes. It consists in a thin surface layer supported on a thicker 
and porous structure. The separation properties depend on the surface layer. 
 Ceramic, metal and liquid membranes. Ceramic membranes are used in UF and 
MF applications in which solvent resistance and thermal stability are required. 
Metal membranes are used for the separation of hydrogen from gas mixtures. 
Liquid membranes are developed for carrier-facilitated transport-processes. 
 
Figure 2 - Diagram of the principal types of membranes [11] 
There are many membrane process based on different separation principles or mechanism. 
Driven force can be a gradient in pressure, concentration, electrical potential or temperature 
(Table 2). From the membrane process listed below, microfiltration, nanofiltration, 
ultrafiltration, reverse osmosis and electrodialysis are used in industry. Other processes like 
gas separation, pervaporation, membrane contactor are under development for its 
application in industry [10]. 
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Table 2 – Membrane process, driving force and structure [10], [11] 
Membrane process Feed Permeate Driving force Structure 
Microfiltration L L ΔP Microporous 
Ultrafiltration L L ΔP Microporous 
Nanofiltration L L ΔP Microporous 
Reverse osmosis L L ΔP Dense 
Piezodialysis L L ΔP Microporous 
Gas separation G G ΔP Dense 
Vapour permeation G G ΔP Dense 
Pervaporation L G ΔP Dense 
Electrodialysis L L ΔE Microporous or dense 
Membrane electrolysis L L ΔE Microporous 
Dialysis L L ΔC Microporous or dense 
Diffusion dialysis L L ΔC Microporous or dense 
Membrane contactors L L ΔC Dense 
G L ΔC/ΔP Dense 
L G ΔC/ ΔP Dense 
Thermo-osmosis L L ΔT/ ΔP Dense 
Membrane distillation L L ΔT/ ΔP Microporous 
 
In Table 3 typical operating parameters of some of the membranes discussed above are 
shown. 
Table 3 – Typical flux and pressure range of MF, UF, NF and RO membranes [10] 
Membrane process Pressure range (bar) Flux range (L/(m2·h·bar)) 
Microfiltration 0.1 – 2.0  > 50 
Ultrafiltration 1.0 – 5.0 10 – 50 
Nanofiltration 5.0 – 20 1.4 – 12 
Reverse osmosis 10 – 100  0.05 – 1.4 
3.2.2. Transport mechanism 
Two models were proposed in the middle of the nineteen century to describe the mechanism 
of permeation: solution-diffusion model and pore-flow model. Since pore-flow model was 
closer to physical experience it was more popular [11]. 
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The difference between the two models is the relative size and permanence of the pores. It is 
considered that for membranes with larger pores (UF, MF and Knudsen-flow gas separation 
membranes) transport occurs by pore flow. For membranes that have a dense polymer layer 
with no visible pores (RO, pervaporation and polymeric gas separation membranes), in 
where space between polymer chains is less than 5 Å, transport by solution-diffusion 
predominates. In membranes with pores between 5 and 10 Å (NF and microporous ceramic 
membranes) both mechanism contribute to the 
permeation. [11] 
3.2.2.1. Solution-difussion model 
The diffusion is the process by which a solute is 
transported from one place to other due to a gradient 
concentration. Solution-diffusion model (Figure 3) states 
that permeate dissolve into the membrane and diffuse 
through it due to a concentration gradient. The separation 
is because a difference in diffusion coefficients of the 
material in the membrane. The flux could be described 
according to Fick’s law: [11] 
      
   
  
 Eq.2 
Where:  
-    : flux of component i through the membrane. 
-    : diffusion coefficient. 
- 
   
  ⁄ : concentration gradient of component i. 
3.2.2.2. Pore-flow model 
Pore-flow model (Figure 4) stays that separation is due to 
pressure-driven convective flow, in which molecules are 
transported through tiny pores. Separation mechanism 
occurs because some solutes are excluded by pores 
meanwhile other could pass thorugh them. This model is 
used in a capillary or porous medium and flux could be described according to Darcy’s law: 
[11] 
    
   
  
  
 Eq.3 
Figure 3 - Solution-diffusion 
mechanism [11] 
Figure 4 - Pore flow model [11] 
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Where:  
-    : flux of component i through the membrane. 
-    : coefficient that reflects the nature of the medium. 
-   : concentration of component I in the medium. 
- 
  
  ⁄ : pressure gradient of component i. 
3.2.3. Transport phenomena 
3.2.3.1. Concentration polarization 
Concentration polarization (Figure 5) is a 
phenomenon related to the accumulation of 
solutes in the membrane boundary layer, with 
a higher concentration than in the bulk 
solution. There is a convective flow by which 
solute moves into the boundary layer and they 
are it goes back by a slow back diffusion. 
Concentration polarization causes a reduction 
in flux due to the high osmotic pressure of the 
retained ions. This phenomenon could be 
reduced by introducing turbulence promoters 
on the feed side as spacers or cross-flow. [12] 
3.2.3.2. Donnan effect 
In 1911 Donnan make a mathematical basis of the ability of the membrane to discriminate 
between oppositely charged ions. When the membrane carries fixed charges, the co-ions 
(same charge as the membrane) tend to be excluded from the membrane resulting in a high 
rejection of the solute. This property makes the membrane selective for ions of the opposite 
charge. [11] 
3.2.3.3. Dielectric exclusion 
The Donnan equilibrium is not sufficient to explain a high rejection for multi-valent counter-
ions, which makes the model to underestimate rejection of divalent ions. The concept of 
Dielectric exclusion was postulated to explain this phenomena [13]. 
The mechanism of dielectric exclusion was firstly considered by Gluekauf (1967). This 
phenomenon is associated to the difference in dielectric constant between the aqueous 
Figure 5 - Concentration polarization [28] 
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media and the polymeric matrix. Donnan equilibrium is favourable to counter-ions, 
meanwhile dielectric exclusion does not discriminate ions according to their charge [13], [14]. 
Electrostatic interactions arise between the ions in solution and the polarization charges, 
which are induced by the ions themselves on the discontinuity surface located in the 
boundary between the two dielectric media. Polarization charges will have the same sign as 
the ions in solution. This is mainly due to the dielectric constant in solution is remarkably 
higher than the corresponding to the polymeric matrix. This interaction causes and additional 
rejection mechanism for each ion, independent of its sign [13]. 
It must be noticed that in the case that the membrane presents fixed charges, they will make 
a screening of interactions with polarization charges stronger, making dielectric exclusion 
weaker [13], [14]. 
It is remarkable that dielectric exclusion mechanism is more universal because membrane 
could have or not fixed charge, but the matrix of the membrane exhibits a low dielectric 
constant. Dielectric exclusion is equivalent to a decrease in the bulk electrolyte 
concentration, which causes an increase at Donnan exclusion [13], [14]. 
Kim et al. (2005) suggested that RO and NF polyamide layers have a bimodal distribution in 
which dielectric exclusion is strong. This range lies between 2.1 and 2.4 Å, and for FT30 RO 
membrane between 3.5 and 4.5 Å  [15]. It has been shown that the dielectric exclusion is 
stronger in membranes which exhibits closed geometry than those how have a relatively 
open geometry. 
3.2.4. Fouling 
Fouling could be described as the process by which a membrane losses its performance due 
to deposition of suspended or dissolved substances either on its external surface, pore 
openings or inside its pores. Fouling causes an irreversible flux decline that could be 
removed by chemical cleaning. This fact increases the costs of maintenance, energy and 
chemicals. Fouling can be caused by: [12] 
- Scaling. Precipitation of substances that have exceeded their solubility product. 
- Deposition of dispersed or colloidal matter. 
- Chemical reaction at the membrane boundary layer. 
- Chemical reaction with the membrane layer. 
- Adsorption of molecules at the membrane layer. 
- Irreversible gel formation. 
- Colonisation by bacteria and formation of a biofilm. 
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3.2.5. Operation mode 
There are two kinds of operation: dead-end or in-line filtration and cross-flow filtration (Figure 
6). In dead-end filtration, the fluid is forced to flow through the membrane under pressure. 
Due to the deposition of molecules on the layer of the membrane, the pressure required to 
maintain the flow will increase. In order to continue filtration process, membrane must be 
replaced. In 1970s a new operation mode appears: the cross-flow filtration. The feed 
circulates across the surface and two streams are generated, the retentate or concentrate 
and permeate. This operation mode increases the lifetime of the membrane. In the last 
years, a new filtration operation was used: semi-dead-end filtration. It operates with an in-line 
filtration until pressure reaches its maximum level. Then, the filter operates in cross-flow 
mode, while concurrently back-flushing with air or with permeate solution. After removing 
material deposited in the membrane, the system operates in dead-end mode. [11] 
 
Figure 6 - Operation mode of the membranes. (a) In-line filtration. (b) Cross-flow filtration. [11] 
3.2.6. Membrane modules 
Depending on the configuration by which membranes are produced (flat sheet or cylindrical 
form) different types of module geometry could be found.  
3.2.6.1. Plate and frame 
This module uses flat sheet membranes located on a plate which could have rectangular or 
elliptical shape and acts as a porous support for the permeate outlet. The flow channels tend 
to be thin (diameter around 1 to 3 mm) and sometimes the module contains channel spacer 
in order to increase turbidity into the system to avoid concentration polarisation. This kind of 
module presents some disadvantages like it requires the replacement of the membrane 
sheet by sheet and the module that contains the membrane tends to be heavy in order to 
support high pressure and duty. These modules are used for small to medium scale 
applications, where the membranes are stacked in flow channels connected in series or in 
parallel. [12] 
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3.2.6.2. Spiral-wound 
This module uses flat sheets wound around a central tube. The membranes are glued to the 
permeate channel forming ―leafs‖ (Figure 7). The internal side of the leaf contains a spacer, 
which is porous, in order to support the membrane and to conduct permeate to the permeate 
tube. Another spacer is placed between leafs in order to improve mass transfer. The 
membrane is covered by an external shell. This module is used for large scale applications of 
ultrafiltration, nanofiltration and reverse osmosis processes. [12] 
 
Figure 7 - Spiral-Wound module [11] 
3.2.6.3. Tubular 
This module is similar to shell and tube heat exchanger. The active side of the membrane is 
inside the tube. In some designs the ends of the tubes are connected to a perforated metal 
support. Due to exposure to burst pressure of the tubes it limits its application in nanofiltration 
process. [12] 
3.2.6.4. Hollow fiber and capillary 
This module uses membranes that could resist collapse or bursting. It contains over 
thousands of fibres arranged in a bundle and covered by an outer shell (Figure 8). The 
design is similar to tubular modules, but the feed could pass through the inside of the tubes 
(lumen-side feed) or it could be in the shell (shell-side feed), depending on the membrane 
and its application. With Shell-side feed the fibres could work at high pressures. [12] 
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Figure 8 – Hollow fibre module [11] 
 
3.3. Nanofiltration 
Some authors describe nanofiltration as a membrane whose behaviour is in the middle 
between ultrafiltration and reverse osmosis. Nanofiltration membranes existed since 1960s 
and they were known as open RO, loose RO, intermediate RO/UF, selective RO or tight UF 
membranes. The term ―nanofiltration‖ would not appear until 1980s.  
In the 1970s the first-generation of nanofiltration membranes were from cellulose acetate and 
ester. Due to the low biological stability of these materials a new generation of membranes 
were developed, based on no cellulosic NF composites. Nowadays nanofiltration membrane 
covers a wide range of materials like cellulose derivatives, synthetic polymers, inorganic 
materials and organic/inorganic hybrids. There are some features that characterize 
nanofiltration membranes and differentiate from RO membranes: [3], [12], [16] 
 Almost total rejection of ions with more than one negative charge as sulphate and 
phosphate anions with polyamide based membranes. 
 Variation of rejection of sodium chloride from 70 % to 0 % or even negative in 
mixture systems. 
 Rejection of uncharged, dissolved materials and cations due to sieving effects. 
Nanofiltration membranes involve two mechanism of separation: convective and diffusive 
transport. Donnan potential plays an important role in the separation of molecules due to ion 
distribution. Electromigration is due to the difference of potential through the membrane, 
which is caused by the flux of ions. For uncharged molecules sieving effects govern the 
transport. The molecular weight cut-off of the membrane lies between 150 and 300 Da for 
uncharged molecules. [12], [16] 
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3.3.1. Applications 
Nanofiltration membranes have been used in different fields, as it could be seen: [12] 
 Food industry. In the dairy industry NF membranes are used to demineralise and 
concentrate the whey, to modify skim milk, to filtrate and re-use cleaning solutions. 
In the sugar industry NF membranes are used to purify dextrose syrup, to treat the 
elution effluent from a sugar decolourisation resin, and so on. 
 Chemical processing industry. The Chemical Industry applications cover: 
o Inorganic Chemical Industry. NF membranes are used to remove 
impurities from seawater or brines to obtain NaCl. They have been tested 
to treat liquid waste streams which high content of metals in very acidic 
stream to purify acid and recover metals in solutions. One example is the 
purification of phosphoric acid to remove heavy metals. 
o Organic chemical industry. Kodak has studied the recovery of water and 
chemicals in photographic processing, obtaining recover ratios of silver, 
calcium, phosphorous between 80 and 95 %. NF was tested to produce 
methanol and ethanol as an alternative to distillation process.  
o Pharmaceutical and biotechnology industry. NF membranes are used 
to recover antibiotics from fermentation processes, concentration and 
purification of biological active principles and enzyme recovery, without 
subject the product to thermal shock.  
o Petrochemical industry. British Petroleum (BP) patented a process with 
NF to separate acidic impurities from crude oil and distilled fractions  to 
avoid corrosion problems.  
 Pulp and paper industry. These industries require high amounts of water in the 
processing of pulp, bleaching and papermaking. This water could be recycled by 
using evaporation and membrane separation. NF is preferred instead of UF 
membranes because it allows obtaining higher quality water.  
 Landfill leachate treatment. NF has a low rejection for the nitrogen containing 
species, and an adsorption/oxidation step could be used after to avoid the 
accumulation of hardly biodegradable compounds. 
 Nanofiltration bioreactors. Nowadays it is a growth on nanofiltration bioreactors 
for the production of lactic acid from lactose.  
 Metal and acid recovery. Nanofiltration membranes have low rejections for acids 
and allow separating monovalent and divalent ions. This property makes the 
membranes be useful in many applications in industry. For example, in the copper 
finishing operation the components of the rinse water (2% sulphuric acid and 
copper) could be separated combining nanofiltration and reverse osmosis. 
Evaluation of nanofiltration membranes for recovery and concentration of rare earth elements form acidic waters            Page 25 
 
 Trace contaminant removal. The application of nanofiltration has been studied 
for the trace contaminant removal, whether organic or inorganic. With regard to 
organic contaminants, the behaviour of pesticides, endocrine disrupting chemicals 
(EDCs) and pharmaceutically active compounds (PhACs) have been studied. With 
regard to the inorganic trace contaminants, the removal of arsenic, uranium, 
boron, fluoride and nitrate have proven effective. 
This work is focused in the removal of heavy metals from acidic conditions, so in the section 
3.3.2 will be explained in more detail the applications of nanofiltration membranes under 
acidic conditions to remove heavy metals. 
3.3.2. Nanofiltration of metal and acidic solutions 
Some attempts to remove different impurities from acid streams have been reported. For 
example, Nÿstrom et al. separates metal sulphates and nitrates from acid media achieving 
high rejections (around 99 %) with NF-45 [17]. Erikson et al. studied how to purify 33 % 
sulphuric acid by nanofiltration process. Rejections for metals like iron, zinc, cadmium and 
copper were higher than 99 % [12], [18].  
González et al. perform a similar study but, instead of purify sulphuric acid they purified 
phosphoric acid solutions. By comparing nanofiltration and reverse osmosis membranes, 
nanofiltration achieved higher rejections and fluxes than reverse osmosis membranes [19]. 
Skidmore and Hutter patented a method for purify phosphoric acid by nanofiltration, working 
at temperatures below 35 ºC in order to increase the life of the membrane from 300 to 2000 
hours. High rejections of multivalent ions (aluminium, iron, magnesium, etc.) were obtained 
[20].  
Galiana-Aleixandre et al. proposed nanofiltration process to reuse water and remove 
sulphates. They also obtained high rejections of chromium and sulphate. Gherasim and 
Mikulášek obtained high rejections of lead (> 98 %) when they evaluated how operating 
variables influence on the removal of heavy metal ions from aqueous solutions. [21] 
In such acidic media, the Isoelectric Point (IEP) must be taken into account as it has a strong 
influence in the separation mechanism. The IEP represents the pH in which the charge of the 
membrane is zero. When the pH of the bulk solution is below the IEP the membrane will be 
positively charged and, otherwise the membrane will be negatively charged. Mullet et al. 
evaluated the impact of feed pH and membrane charge on resource recovery to purify mine 
water. [3] 
One important feature that could affect the performance of the membrane is the speciation of 
the components of the bulk solution. Visser et al. tested several commercial membranes in 
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order to remove sulphuric acid by nanofiltration. They concluded that acid sulphuric 
dissociation have a larger impact onto membrane performance. Low rejections were 
obtained when sulphuric acid concentration was high. They attributed this to a high amount 
of HSO4
- or a change in the membrane charge (from positive to negative) [16]. The 
speciation of several metals has also been studied. Shang et al. evaluated how pH affects 
Vanadium speciation and what is their effect in the performance of nanofiltration. They found 
that it has a strong influence in rejection and permeation flux due to high molecular species 
transform into species of low molecular weight when pH is changed [22]. Hoyer et al. 
performed a similar study using uranium and the same conclusion was achieved: the 
chemical composition  influences in the speciation and, in fact in nanofiltration performance 
[23]. 
One of the greatest issues of nanofiltration membranes is their low resistance in very high 
acidic conditions. Different authors have studied the stability of several membranes. For 
example, Platt et al. tested several commercial membranes under acidic conditions. NF-45 
and Desal-5 DK were not stable for even one month in 20 % sulphuric acid, but they were 
stable under 5% nitric acid at only 20 ºC for four and three months, respectively [24]. Manis 
et al. also performed stability test by immersing Osmonics DK and MPF-34 in 2 M H2SO4 for 
up to 8 weeks, in which MPF-34 shows a great performance working under acidic conditions 
[25]. 
One of the goals of this project is to investigate if the membranes are able to work under 
extreme acidic conditions. For that reason membranes will be immersed in acid in order to 
determine if they are attacked by acids.  
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4. Ion-transport through nanofiltration membranes 
4.1. Background of nanofiltration modelling 
The modelling and prediction of NF performance have been one of the challenges over the 
last two decades. During this period the models evolved from hydrodynamic models in which 
the membrane is considered a black box to models based on the extended Nernst-Planck 
equation.  
At the beginning the behaviour of the nanofiltration membranes was described by 
phenomenological models, like the Kedem-Katchalsky and the Kedem-Spiegler model. 
Solute and solvent transport is described by the reflection and permeability coefficients. Both 
models consider the membrane as a black box without taken into account any kind of 
information about the membrane like structural or electrical properties. The development of 
rigorous physical models has been limited by the lack of knowledge of physical structure and 
electrical properties of nanofiltration membranes [12], [26], [27]. 
Other models were developed by assuming the active layer of the membrane is a solid body 
with pores of a very small diameter or capillary. It could be possible to consider an average 
pore size diameter or taking into account a pore size distribution. Stefan-Maxwell equations 
and extended Nernst-Planck equation are the most widely used to describe the transport 
along pores. The first assume the transport is ruled by molecular friction and thermodynamic 
interactions. The extended Nernst-Planck equation was proposed by Schlogl for the 
description of transport electrolytes in RO and it has been successfully applied to model NF. 
It includes electro-diffusion and convection in solute transport. The Poisson-Boltzmann 
equation is used in combination to describe the radial distribution in the pore. It is necessary 
to add equations for the partitioning to describe the discontinuous concentration change at 
the phase borders. To resolve the equations it is necessary to know some coefficients that 
must be calculates using thermodynamic and kinetic models of ion exclusion and transport 
within the membrane active layer. The reliability of the model will depend on the assumptions 
that had to be taken to estimate the coefficients above. For that reason, the applicability of 
this model is restricted to a certain number of cases due to the complexity of the calculations 
[12], [26]–[28]. 
One of the most popular models is the Donnan-Steric-Pore Model which was proposed by 
Bowen et al. It is derived from space-charge models considering ion concentration and 
potential are radially homogeneous across the pore. The assumption is valid if the surface 
charge density is reasonable small and pores are sufficiently narrow. The ion flux is 
described by the extended Nernst-Planck equation and taken into account equilibrium 
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partitioning due to a combination of electrical (Donnan) and sieving (Steric) effects and a 
Hagen-Poiseuille flow pattern is considered through the nanopore.  Rejection and flux will 
depend on three parameters: effective pore radius, effective ratio of membrane thickness to 
porosity and charge density. This model allows obtaining a good prediction in describing 
simple systems like organic molecules or monovalent electrolytes [12], [26]–[28]. 
The Solution-Diffusion-Model is one of the most accepted models. It assumes the active 
layer is a polymeric structure with small voids, or free polymer volume, but they do not form a 
canal flow to make convective flow occurs. It considers the ion transport by solution-difussion 
phenomena. It has been successfully applied to model ion transport in RO and NF 
membranes [26]–[29]. 
One of the problems of the models mentioned above is that they do not consider chemical 
equilibrium among species in solution. Niewersch et al. were able to apply successfully 
Solution-Diffusion-Model to model rejections of mixtures of acids and salts taken into account 
chemical equilibrium reactions. Their model will be explained in section 4.2  [26], [30]. 
4.2. Basic principles and equations for modelling 
The model is based on the solution-diffusion 
model, whose equation is a derivation of Nernst-
Planck equation. One of the assumptions of this 
model is that there is no coupling between solute 
and solvent flow inside the membrane or, in other 
words, reflection coefficient is assumed to be equal 
to one. The model uses ―virtual concentrations‖ 
(Figure 9) , which are defined as those which are in 
thermodynamic equilibrium with an infinitely small 
fluid volume inside the membrane [26], [29]. 
From the definition of electro chemical potential, 
the transport of a component i through the membrane could be defined as follows: 
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The influence of the pressure gradient could be assumed negligible. Then the expression will 
be reduced to: 
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) Eq.5 
Figure 9 – Virtual concentration gradient [26] 
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If highly diluted solution is presented ideal behaviour could be considered.  
       (
   
  
       
  
  
) Eq.6 
Where: 
-    : flow of a component i through the membrane. 
-  : dimensionless position in the membrane. 
-   : permeability coefficient of the ion i. 
-  : dimensionless virtual electrostatic potential in the membrane. 
Permeability coefficient is a function of thermodynamic diffusion coefficient inside the 
membrane and the partitioning at the surface membrane-solution and it will depend on 
the properties of the membrane. Due to the dependence of diffusion coefficient on 
concentration, permeability will depend on concentration. Nevertheless permeability 
coefficients across the membrane, as preliminary hypothesis, are assumed to be 
constant. 
4.3. Transport of acid and salts through the membrane 
The activity of specie is a measure of the effective concentration of specie in solution. The 
natural logarithm of the activity coefficient is defined as a function of the ionic strength by the 
Davies Equation (Eq 7): 
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       ) Eq.7 
The ionic strength, IS, is assumed as a way to measure the total concentration of the ions in 
solution and it is described as follows: 
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By deriving the Davies Equation, the derivative of the natural logarithm of the activity 
coefficient could be obtained: 
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Where: 
   
   
√      √   
 
   
(  √  )
      Eq.10 
Due to the existence of chemical reactions between the different species in solution, , the 
transport of component/species i is not constant across the membrane. For that reason 
transport equations are related to all the species involved that cannot split. These equations 
will include all the species of a given component which are presented in the solution.  
For example, to model the transport of ions in a sulphuric acid solution with the presence of 
aluminium, the following species will be presented in relatively high concentration in the 
solution for an acid pH range  (1<pH<2): H+, HSO4
-, SO4
2-, Al3+, AlSO4
+, Al(SO4)2
-. Then three 
equations will model the transport the main components H(+I)/H+, S(+VI)/SO4
-2 and 
Al(III)/Al+3.  
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The components are subjected to the electroneutrality condition (∑        
 
     ) and the 
concentration of each component is obtained by using the chemical reaction equilibrium in 
which the related species of this component are involved. 
      
        
  
                               
         
Eq.14 
By differentiating both sides of the equation with respect to the membrane length, variable x, 
and additional equation is obtained: 
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Eq.15 
A system of linear equations with the following structure is obtained: 
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4.3.1. Implementation of the model using Matlab language 
The software Hydra/Medusa is used for the calculation of chemical equilibriums. It also 
contains a chemical equilibrium database (Hydra), from where equilibrium constants of all 
chemical reactions involved in the system were taken. For the pH range of the experiments 
and the molar composition of the solution, the chemical reactions as well as their equilibrium 
constant are shown in the Table 4.  
Table 4 - Chemical equilibrium constants for the elements in the solution (Hydra data base) 
Chemical reaction         
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         2.31 
        
         2.37 
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  1.55 
        
         
  3.61 
     
     
            
  1.39 
        
         
  3.59 
     
     
            
  1.51 
The system to resolve will contain 32 variables to optimize, which correspond to the 
permeability of each ion. 
For the implementation of the model in Matlab, transport equations for the transport of H, 
SO4, Al, Ca, Cu, Zn, La, Pr, Nd, Sm, Dy and Yb have to be set. By adding the corresponding 
electroneutrality equation and the differentiation of all chemical equilibriums, a set of 32 
variables with 32 equations are obtained.  
The system of differential equations is solved with the tool ode23s of Matlab, by applying 
Runge-Kutta method. The equations are solved in the interval [0,1], where 0 represents the 
feed side and 1 the permeate side. The equations contains the unknown permeate 
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concentration, so the equations are solved iteratively by varying the permeate concentration 
with the tool fminsearch (based on Nelder-Mead simplex algorithm). This optimizer is 
included inside another which varies the permeabilities in order to adjust the model to the 
experimental data. This loop tries to minimize the error between measured and predicted 
concentration values at permeate streams, according to: 
      ∑
|           |
     
 Eq.17 
The resolution of the set of the differential equation represents a problem in terms of 
computational time and a huge number of local minima. Depending on the initial values of 
the permeability given the system could find a local minimum, whose solution is not 
physically possible, for example, given permeabilities of trivalent ions higher than divalent.  
One option to avoid the high computational time would be to assume an ideal behaviour but 
it would not be reasonable due to the variation of the natural logarithm of the activity 
coefficient (Figure 10), and therefore, the variation of chemical equilibrium constant. In the 
Appendix the speciation diagrams for each component are shown, considering zero ionic 
strength and non-ideal solution. All diagrams were built by using Hydra/Medusa program. In 
spite of this fact, modelling was also performed by considering ideal solution to obtain a first 
approximation to solve the system by considering a non-ideal solution. 
 
Figure 10 - Natural logarithm of activity coefficient. Adapted from C. Niewersch [26]. 
In order to reduce the computational time and avoid local minimums, the system was solved 
taken into account only the major components. Yaroshchuk et al. (2011) proposed that the 
electric potential gradient will be defined by the major components and it could be possible 
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neglect the contribution of the minor components. Then, a system of 32 equations will 
transform into a set of 7 equations and traces will be solved element by element with the 
resolution of the previous problem. This simplification allows reducing the number of the 
variables of the system and improving the time resolution. [29]  
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5. Experimental methodology 
5.1. Reagents and solutions 
Table 5 lists the chemicals used to prepare synthetic solutions of 27 L. All the salts dissolve 
easily in water, except the oxides, which were dissolved previously in sulphuric acid (96 wt. 
% provided by Sigma-Aldrich).  
Table 5 - Chemicals used 
Metal Chemical compound Chemical formula Purity Supplier 
Aluminium 
Aluminium sulphate 
octadecahydrate 
Al2(SO4)3 · 18 
H2O 
55 % Panreac 
Calcium 
Calcium sulphate 
dihydrate 
CaSO4 · 2 H2O 100 % Scharlau 
Zinc 
Zinc sulphate 
heptahydrate 
ZnSO4 · 7 H2O 100 % Panreac 
Copper Copper sulphate CuSO4 100 % Panreac 
Lanthanum 
Lanthanun sulphate 
nonahydrate 
La2(SO4)3 · 9 H2O 99.9 % Alfa Aesar 
Praseodymium 
Praseodymium nitrate 
hexahydrate 
Pr(NO3)3 · 6 H2O 100 % Fluka AG 
Neodymium 
Neodymium chloride 
hexahydrate 
NdCl3 · 6 H2O 100 % Fluka AG 
Samarium Samarium chloride SmCl3 100 % Fluka AG 
Dysprosium Dysprosium oxide Dy2O3 99.9 % Fluka AG 
Ytterbium Ytterbium oxide Yb2O3 99.9 % Fluka AG 
5.2. Experimental design 
The experiments were performed with different membranes: a virgin membrane, one aged in 
0.1 M H2SO4 during one month and another one aged in 0.1 M H2SO4. Synthetic solution of 
AMD was prepared with the chemicals listed in Section above. The composition of the feed 
solution in mmol/L is listed in Table 6. The solution filtered presented a pH of 1, except for 
the experiment performed with the membrane wetted in 0.1 M H2SO4, which presents a pH 
of 1.5. 
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Table 6 - Composition of the feed solution (mM) 
Al3+ 20.70 Ca2+ 0.587 Sm3+ 0.045 
SO4
2- 97.80 La3+ 0.068 Dy3+ 0.063 
Cu2+ 0.594 Pr3+ 0.072 Yb3+ 0.043 
Zn2+ 0.704 Nd3+ 0.064   
 
5.3. Experimental set-up 
The flat-sheet module system works in recirculation mode, which means that the two outputs 
obtained from the membrane (retentate and permeate) are recirculated to the feed tank in 
order to kept a constant composition of the feed. 
Feed solution is placed in a thermostated tank (around 30 L), which is kept at a temperature 
of 25 °C ± 3 °C. The solution is pumped by a high-pressure water diaphragm pump (Hydra-
Cell) at a prefixed flow rate and pressure. The solution flows through stainless steel pipes to 
the membrane module (test cell GE SEPATM CF II), where a flat sheet membrane is placed. 
Prior to the inlet of the membrane module, a manometer is placed to measure the pressure. 
When the separation process occurs two streams are obtained. The concentrate passes 
through a manometer and through a flow meter. A pre-filter cartridge is placed to avoid that 
erosion products arrive to the pump and to eliminate microorganisms. The permeate stream 
is recycled back to the tank, although it is possible to collect a sample by a three-way valve. 
A scheme of the set-up could be seen at Figure 11. 
 
Figure 11 – Scheme of the set-up [28] 
The cross-flow velocity and the transmembrane pressure were controlled by adjusting a 
bypass valve placed at the outside of the pump and a needle valve placed at the concentrate 
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stream. Both parameters were recollected for LABVIEW version 8.6 (Laboratory Virtual 
Instrumentation Engineering Workbench). Other parameter like the temperature of the feed 
was given by the cooling machine. In the case of the permeate conditions, they were 
measured off-site the plant when the samples were collected by a conductivity meter and a 
pH-meter.  
5.4. Experimental protocols  
The membrane cell requires membranes of 19x14 cm with a filtration area of 0.014 m2. After 
cutting the membrane it is placed in Milli-Q water overnight to remove the products of 
conservation.  
To begin with the experiment the membrane must be place in the module. First of all the feed 
spacer and the O-rings are placed in the module. Then the membrane is placed in the 
membrane cell with the active side towards down.  Finally the permeate spacer is placed and 
the membrane cell is closed. To seal the module it must be pressurized at 40 bar by using a 
hand pump. 
The tank is filled up with the solution and it is cooled to 15 °C. After that the filter, which is 
kept in the fridge, is placed. When the solution is at the desired temperature the pump is 
turned on at a frequency of 38 Hz. By adjusting the valves the system reaches both the flow 
and pressure desired. 
If the membrane is new it is necessary to determine the permeability of the membrane to 
pure water. Its value will be compared with that obtained after the experiment to determine if 
the membrane has been fouled. If the membrane has already been pressurized with 
deionized water the experiment could be done and it will consist of three steps: 
1. Pressurization of the membrane at the maximum transmembrane pressure (22 
bar) and cross-flow velocity (1 m/s) during 105 minutes. The main objective is to 
ensure a uniform distribution of the solution along all the membrane. 
2. Realization of the experiment. At a constant cross-flow velocity (0.7 m/s) the 
pressure is increased from a value a bit higher than osmotic pressure and samples 
are collected to build rejection curve. When the pressure is changed it is 
necessary to wait till the system stabilizes in the new value of the pressure. The 
permeate samples were collected and weighted to determine the permeate flow. 
They were analysed offline with a conductivity meter model Crison GLP 31 EC and 
a pH meter Crison GLP 21. 
3. Cleaning of the experimental-set-up. 
a. Pre-cleaning of 30 minutes. It is performed at 10 bar and a cross-flow 
velocity of 1 m/s. 
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b. Cleaning of 90 minutes. It is performed at 22 bar and a cross-flow velocity 
of 1 m/s. It could be necessary to perform more than one cleaning to 
recover the permeability of the membrane. 
5.5. Membrane NF-270 
NF-270 membrane is provided by Chemical Dow Company. The membrane presents three 
differentiated layers: 
- Polyester layer 
- Polysulphone layer. It provides resistance to the whole membrane. 
- Polyamide layer. It is the active side of the membrane and it is in contact with the 
feed solution. It presents the properties related to the permeation of the different 
ions. Its active layer is made of semi-aromatic poly(piperazine) shown in Figure 12.  
 
Figure 12 - Chemical polymeric structure of NF270 [31] 
Figure 13 shows technical information, including operating limits, related to NF-270. 
 
Figure 13 – Operating limits of NF-270 [32] 
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5.6. Analytical techniques 
5.6.1. Atomic Force Microscopy (AFM) 
Atomic Force Microscopy (AFM) allows individual atomic resolution of conductive or 
insulating surfaces. The sample is scanning with a force sensor (cantilever). Force 
interactions between the cantilever and surface vary the distance cantilever-sample, which is 
used to make the profile of the sample. The movement of the cantilever is measured by a 
laser bean, which is reflected off the cantilever and directed to a photodetector. [33] 
A Multimode Veeco V performing contact mode was used to analyse the surface of the 
membrane. Contact mode  
5.6.2. Fourier Transform Infrared Spectroscopy (FTIR) 
Infrared Spectroscopy is based on radiation absorption in the infrared that causes a change 
in the dipolar momentum as consequence of a vibration or rotation movement. Once the 
sample is analysed a spectre with the transmittance and the wavelength (cm-1) is obtained. 
By analysing the spectre is possible to determine which functional groups are presented in 
the sample. [33] 
Fourier Transform Infrared Spectroscopy (FTIR) provides good characteristics in terms of 
speed, high resolution, sensitivity and accuracy. In comparison to other equipment that works 
in the same wavelength, FTIR offers a better sign/noise relation, but also it is possible to 
obtain a fast scanning making higher the relation. [33] 
A FTIR-4100 with Attenuated Total Reflection was used to perform the analysis of the 
membranes. 
5.6.3. Induced Coupled Plasma (ICP) 
Induced Coupled Plasma (ICP) is one of the most popular techniques for elemental analysis. 
It provides low detection levels, high selectivity and reasonable precision and accuracy. The 
flame of the ICP serves as atomizer and ionizer. The metallic ions produced in the flame are 
introduced on a mass spectrometer through a vacuum interphase. A spectre with peaks of 
each element is obtained, which allows obtaining a determination qualitative and quantitative 
of the elements in the sample. The detection levels for the elements lie between 0.02 and 0.1 
ppb. [33] 
The samples were analysed by an external laboratory, the Institut de Diàgnosi Ambiental I 
Estudis d’Aigüa-IDAEA, Consejo Superior de Investigaciones Científicas-CSIC. 
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5.7. Membrane experimental parameters 
The cross-flow velocity (cfv) is defined as the rate of solution flow across the membrane. It 
is related to the flow and it is calculated from the size of the membrane module according to: 
    
 
      
 Eq.18 
Where: 
-    : cross-flow velocity (m/s). 
-  : flow rate (L/min). 
-  : amplitude (0,09525 m = 3,75‖). 
-  : height (0,8636 mm = 34 mil). 
The flow rate given by the flow meter installed in the concentrate line will allow knowing the 
cross-flow velocity. 
The Transmembrane Pressure (TMP) is the force that drives the fluid through the 
membrane. It is calculated by the pressure given by the manometers. It is given by: 
    
                
 
           Eq.19 
Taken into account manometers give relative pressures, that one that gives permeate 
pressure will be near to cero and it could be neglected. 
From the collected samples, transmembrane flow (Jv) could be calculated as: 
   
    
              
 Eq.20 
Where: 
-     transmembrane flow (m
3/m2·s). 
-   : mass of permeate sample (kg). 
-    water density (997.,1 kg/m3 at 25 °C). 
-            time collecting sample (s). 
-     : effective area of filtration (0.014 m
2). 
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The permeability of the membrane to pure water (Kw) is calculated according to: 
   
  
   
 Eq.21 
Where: 
-   : pure water permeability (m
3/ (m2·bar·s)) 
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6. Result discussion: ions transport modelling  
As it was mentioned below, three experiments were performed and modelled. For each 
experiment, first of all rejection curves are shown and then modelling results are presented 
considering ideal and non-ideal solution.  
6.1. Transport of ions with Virgin NF270 membrane in acidic 
sulphuric solutions 
6.1.1. Experimental results 
In Figure 14 species rejection curves as a function of the trans-membrane flux of the 
experimental data are shown. As it was expected multicharged species (metallic and non-
metallic) rejections are high (>99 %). Low rejection for sulphate is observed, which is 
attributed to its presence in the solution at pH 1, in form of hydrogen sulphate. This species 
has a charge of minus one and, combining this property with a membrane positively charged 
(pH < IEP) the low rejection could be justified. Negative proton rejection are observed, mainly 
due to it is a species  too small that presents a high diffusion coefficient and to it is a product 
derived from the equilibrium of hydrogen sulphate. 
 
Figure 14 - Rejection curves with virgin NF-270 in sulphuric solution at pH=1 
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6.1.2. Modelling of ions rejection considering an ideal solution 
In Figure 15 modelling of the experimental data rejection of the main components by 
considering an ideal solution is shown. In Figure 16 and Figure 17 rejection for transition 
metals and rare earth elements could be seen with more detail. Experimental data on 
components rejection are shown by points and trend lines are predicted values obtained by 
equations 5 to 18. For components as rare earth elements with high rejection values a zoom 
for only rejection values higher than 0.98 is plotted.  
 
Figure 15 – Modelled rejection curves by considering ideal behaviour for virgin NF270 
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Figure 16 – Transition metal rejection curves by considering ideal behaviour for virgin NF270 
 
Figure 17 – Rare earth elements rejection curves by considering ideal behaviour for virgin NF270 
As it could be seen, there is a good fit of the model to experimental data. If major 
components are taken into account, a mean error of 9 % was obtained. 
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In Table 7 the permeabilities obtained for each species are collected. Pagès, N. et al. (2013) 
used solution-diffusion model with strong electrolytes where chemical reaction does not take 
place. Although data from this study covered ion permeances in solutions at pH values 
between 5 and 7, those are the only data to compare for the same membrane. No data were 
found at low pH values.  Similar permeabilities for hydrogen and sulphate were obtained in 
comparison [28]. Rare earth elements present similar permeabilities because they are 
relatively close in the periodic table and share chemical properties. In Table 4 equilibrium 
constant for complexation in sulphate solutions were listed and, as it could be seen, these 
elements present very similar REE sulphate constants. 
Table 7 - Permeances obtained for virgin NF-270 in a sulphuric solution at pH 1 by considering ideal 
solution 
 MAJOR COMPONENTS  
H+ HSO4
- SO4
2- Al3+ AlSO4
+ Al(SO4)2
- 
66.76 132.14 0.196 0.0022 0.0067 0.051 
TRANSITION METALS 
Cu2+ CuSO4  Zn
2+ ZnSO4 Zn(SO4)2
2- 
0.012 0.013  0.0234 0.034 0.0085 
Ca2+ CaSO4 CaHSO4
+    
0.0044 0.094 0.062    
RARE EARTH ELEMENTS 
z = +3 z = +1 z = -1 
La3+ Pr3+ LaSO4
+ PrSO4
+ La(SO4)2
- Pr(SO4)2
- 
0.0056 0.0071 0.0042 0.0029 0.072 0.209 
Nd3+ Dy3+ NdSO4
+ DySO4
+ Nd(SO4)2
- Dy(SO4)2
- 
0.0065 0.006 0.0039 0.0044 0.193 0.174 
Sm3+ Yb3+ SmSO4
+ YbSO4
+ Sm(SO4)2
- Yb(SO4)2
- 
0.0064 0.0064 0.0044 0.0034 0.174 0.173 
Predicted permeabilities values follow the expected trends decreasing their values as the 
absolute value of the charge of the ions increase. Among the different mechanisms used for 
describing ion rejections by NF membranes, the dielectric exclusion mechanism explains 
the permeance values measured in this study. 
As discussed above, free carboxylic groups get ionized at pH lower than isoelectric point. 
Cations will suffer an electrical repulsion and they will be rejected in a stronger way than 
negatively charged ions. This is in agreement with the measured permeances. The most 
potentially fast ion expected to be is the monocharged HSO4
-. It has a permeance 100 
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times higher than double charged SO4
2-, which is affeceted additionally by dielectric 
exclusion. With regard to cation, the fastest ion expected to be is the monocharged ions. 
6.1.3. Modelling of ions rejection considering non-ideal solution 
In Figure 18 the results of modelling the experiment by considering a non-ideal solution are 
shown. In Figure 19 and Figure 20 rejection for metal and rare earth elements could be seen 
with more detail. 
 
Figure 18 - Modelled rejection curves by considering non-ideal solution for virgin NF270 
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Figure 19 - Transition metal rejection curves by considering non-ideal solution for virgin NF270 
 
Figure 20 - Rare earth elements rejection curves by considering non-ideal solution for virgin NF270 
Good agreement between experimental and theoretical data was obtained. For major 
components a mean deviation of experimental data to modelling of 7 % was obtained. A 
good prediction of transition metal was also obtained, but not in the case of rare earth 
elements, where predicted values were always higher that the measured experimentally. 
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This fact is due to measured values of REE were below the limit of quantification. Hence, the 
modelling protocol was guided using the initial points were values of REE were above the 
limit of quantification.  
In Table 8 the results from the optimization steps are shown. Permeances of the different 
species presented in solution obtained are quite similar to those obtained if zero ionic 
strength is considered. If the non-ideal term is introduced in the flux equation a better 
approach is obtained than in the previous case.  
Table 8 - Permeances obtained for virgin NF-270 in sulphuric solutions at pH 1 by considering non-ideal 
solution 
MAJOR COMPONENTS 
H+ HSO4
- SO4
2- Al3+ AlSO4
+ Al(SO4)2
- 
58.12 114.35 0.196 0.0021 0.0147 0.051 
TRANSITION METALS 
Cu2+ CuSO4  Zn
2+ ZnSO4 Zn(SO4)2
2- 
0.012 0.0129  0.0082 0.1151 0.0026 
Ca2+ CaSO4 CaHSO4
+    
0.0028 0.127 0.241    
RARE EARTH ELEMENTS 
z = +3 z = +1 z = -1 
La3+ Pr3+ LaSO4
+ PrSO4
+ La(SO4)2
- Pr(SO4)2
- 
0.0052 0.0055 0.0095 0.0066 0.155 0.180 
Nd3+ Dy3+ NdSO4
+ DySO4
+ Nd(SO4)2
- Dy(SO4)2
- 
0.0051 0.005 0.088 0.1 0.166 0.1575 
Sm3+ Yb3+ SmSO4
+ YbSO4
+ Sm(SO4)2
- Yb(SO4)2
- 
0.005 0.005 0.1 0.098 0.1575 0.16 
 
6.2. Transport of ions with NF270 membrane aged in 0.1 M 
H2SO4 in acidic sulphuric solutions 
6.2.1. Experimental results 
This experiment was performed at pH of 1.5. In Figure 21 rejection curves for all the ions are 
shown. Metal rejections decreased slightly (from >99 to ~98 %) in comparison to the 
previous experiment using a virgin membrane sample of NF270. Sulphate rejection is higher 
than the previous case, whose effect is attributed to the change in the pH. Under these 
conditions the fraction in which sulphate is presented as hydrogen sulphate is lower, which 
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makes that this species permeates much less. Then, lower permeation for this species is 
expected. Negative hydrogen rejection is observed, which is attributed for the two effects 
previously discussed: high diffusion and equilibrium of hydrogen sulphate. 
 
Figure 21 - Rejection curves for NF-270 aged in 0.1 M H2SO4 for one month 
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6.2.2. Modelling of ions rejection considering an ideal solution  
In Figure 22 modelling of the experiment considering a non-ideal solution is shown. In Figure 
23 and Figure 24 rejection for metal and rare earth elements could be seen with more detail. 
 
Figure 22 - Modelled rejection curves by considering ideal behaviour for NF-270 aged in 0.1 M H2SO4 for 
one month 
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
0 5 10 15 20 25 30
R
e
je
ct
io
n
, R
 
Trans-membrane flux, Jv (µm/s) 
H S Al Ca Cu Zn La Pr
Nd Sm Dy Yb H S Al Ca
Cu Zn La Pr Nd Sm Dy Yb
Evaluation of nanofiltration membranes for recovery and concentration of rare earth elements form acidic waters            Page 51 
 
 
Figure 23 - Transition metal rejection curves by considering ideal behaviour for NF-270 aged in 0.1 M 
H2SO4for one month 
 
Figure 24 - Rare earth elements rejection curves by considering ideal behaviour for NF-270 aged in 0.1 M 
H2SO4for one month 
In this case a mean deviation of 17 % for major components was obtained. In Table 9 the 
optimization results are shown.  
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Table 9 - Permeances obtained for NF-270 aged in 0.1 M H2SO4 for one month by considering ideal solution 
MAJOR COMPONENTS 
H+ HSO4
- SO4
2- Al3+ AlSO4
+ Al(SO4)2
- 
61.87 74.00 0.133 0.0018 0.023 0.109 
TRANSITION METALS 
Cu2+ CuSO4  Zn
2+ ZnSO4  
0.033 0.0090  0.022 0.0095  
Ca2+ CaSO4 CaHSO4
+    
0.0181 0.079 0.296    
RARE EARTH ELEMENTS 
z = +3 z = +1 z = -1 
La3+ Pr3+ LaSO4
+ PrSO4
+ La(SO4)2
- Pr(SO4)2
- 
0.0015 0.0014  0.0585 0.0483 0.0996 0.0995 
Nd3+ Dy3+ NdSO4
+ DySO4
+ Nd(SO4)2
- Dy(SO4)2
- 
0.0017 0.0015 0.0506 0.0435 0.0908 0.1061 
Sm3+ Yb3+ SmSO4
+ YbSO4
+ Sm(SO4)2
- Yb(SO4)2
- 
0.0018 0.0015 0.0435 0.0435 0.1061 0.1061 
6.2.3. Modelling of ions rejection considering a non-ideal solution 
In Figure 25 modelling of the experiment considering a non-ideal solution is shown. In Figure 
26 and Figure 27 rejection for metal and rare earth elements could be seen with more detail. 
 
Figure 25 - Modelled rejection curves by considering ideal behaviour for NF-270 aged in 0.1 M H2SO4for 
one month 
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Figure 26 - Transition metal rejection curves by considering non-ideal behaviour for NF-270 aged in 0.1 M 
H2SO4 for one month 
 
Figure 27 - Rare earth elements rejection curves by considering non-ideal behaviour for NF-270 aged in 
0.1 M H2SO4 for one month 
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elements were not under the detection limits and, nonetheless a good agreement was not 
obtained. 
In Table 10 optimization results are shown. For rare earth elements and transition metals, 
similar permeances were obtained. In this case there is a difference in the permeability of 
hydrogen sulphate (from 114 to 73) with respect to the previous case. This fact could be 
expected due to its concentration in solution is lower. As in the previous case, the approach 
of non-ideal solution allows to obtain a better fit to the experimental data. 
Table 10 - Permeances obtained for NF-270 aged in 0.1 M H2SO4 for one month by considering non-ideal 
solution 
MAJOR COMPONENTS 
H+ HSO4
- SO4
2- Al3+ AlSO4
+ Al(SO4)2
- 
45.67 73.26 0.15 0.0018 0.025 0.158 
TRANSITION METALS 
Cu2+ CuSO4  Zn
2+ ZnSO4  
0.034 0.022  0.0215 0.01  
Ca2+ CaSO4 CaHSO4
+    
0.016 0.130 0.271    
RARE EARTH ELEMENTS 
z = +3 z = +1 z = -1 
La3+ Pr3+ LaSO4
+ PrSO4
+ La(SO4)2
- Pr(SO4)2
- 
0.0012 0.0013 0.161 0.128 0.085 0.094 
Nd3+ Dy3+ NdSO4
+ DySO4
+ Nd(SO4)2
- Dy(SO4)2
- 
0.0014 0.0012 0.168 0.145 0.077 0.091 
Sm3+ Yb3+ SmSO4
+ YbSO4
+ Sm(SO4)2
- Yb(SO4)2
- 
0.0012 0.0013 0.171 0.171 0.076 0.076 
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6.3. Transport of ions with NF270 membrane aged in 1 M 
H2SO4 in acidic sulphuric solutions 
6.3.1. Experimental results 
In Figure 28 experimental results are shown. In comparison with the virgin membrane, metal 
rejection decrease from 99 % to 70 % and sulphate rejection diminishes from 50% to 30 %. 
These differences could be attributed to the fact that the aged membrane suffers a higher 
physical or chemical modification in so strong acidic conditions.  
 
Figure 28 - Rejection curves for NF-270 aged in 1 M H2SO4 for one month 
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6.3.2. Modelling of ions rejection considering an ideal solution 
In Figure 29 modelling of the experiment by considering ideal solution is shown. In Figure 30 
and Figure 31 rejection for metal and rare earth elements could be seen with more detail. 
 
Figure 29 - Modelled rejection curves by considering ideal behaviour for NF-270 aged in 1 M H2SO4for one 
month 
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Figure 30 - Transition metal rejection curves by considering ideal behaviour for NF-270 aged  in 1 M 
H2SO4for one month 
 
Figure 31 - Rare earth elements rejection curves by considering ideal behaviour for NF-270 aged in 1 M 
H2SO4for one month 
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expected that permeances increases. As it could be seen in the optimization results (Table 11), 
higher permeances for all the components were obtained.  
Table 11 - Permeances obtained for NF-270 aged in 1 M H2SO4for one month by considering ideal solution 
MAJOR COMPONENTS 
H+ HSO4
- SO4
2- Al3+ AlSO4
+ Al(SO4)2
- 
148.31 407.44 1.235 1.572 2.517 8.798 
TRANSITION METALS 
Cu2+ CuSO4  Zn
2+ ZnSO4 Zn(SO4)2
2- 
0.390 1.480  3.057 6.302 1.305 
Ca2+ CaSO4 CaHSO4
+    
2.626 1.699 5.967    
RARE EARTH ELEMENTS 
z = +3 z = +1 z = -1 
La3+ Pr3+ LaSO4
+ PrSO4
+ La(SO4)2
- Pr(SO4)2
- 
0.122 0.118 5.961 5.67 2.281 2.183 
Nd3+ Dy3+ NdSO4
+ DySO4
+ Nd(SO4)2
- Dy(SO4)2
- 
0.125 0.125 6.1 6.1 2.325 2.325 
Sm3+ Yb3+ SmSO4
+ YbSO4
+ Sm(SO4)2
- Yb(SO4)2
- 
0.010 0.106 5.339 5.230 2.185 2.256 
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6.3.3. Modelling of ions rejection considering a non-ideal solution 
In Figure 32 modelling of the experiment by considering non-ideal solution is shown. In 
Figure 33 and Figure 34 rejection for metal and rare earth elements could be seen with more 
detail. 
 
Figure 32 - Modelled rejection curves by considering non-ideal behaviour for NF-270 aged in 1 M H2SO4 for 
one month 
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Figure 33 - Transition metal rejection curves by considering non-ideal behaviour for NF-270 aged in 1 M 
H2SO4for one month 
 
Figure 34 - Rare earth elements rejection curves by considering non-ideal behaviour for NF-270 aged in 1 
M H2SO4for one month 
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In this case, a deviation of 9 % for major components between experimental data and model 
was obtained. In Table 12 the permeances for each ion is shown. In this case also it was 
found that the term of non-ideality allows reducing the error. 
Table 12  - Permeances obtained for NF-270 aged in 1 M H2SO4for one month by considering non-ideal 
solution 
MAJOR COMPONENTS 
H+ HSO4
- SO4
2- Al3+ AlSO4
+ Al(SO4)2
- 
116.97 516.08 1.264 4.267 2.876 2.574 
TRANSITION METALS 
Cu2+ CuSO4  Zn
2+ ZnSO4 Zn(SO4)2
2- 
0.394 1.449  3.963 5.238 0.775 
Ca2+ CaSO4 CaHSO4
+    
2.955 1.485 4.288    
RARE EARTH ELEMENTS 
z = +3 z = +1 z = -1 
La3+ Pr3+ LaSO4
+ PrSO4
+ La(SO4)2
- Pr(SO4)2
- 
0.135 0.129 9.736 7.826 1.254 1.679 
Nd3+ Dy3+ NdSO4
+ DySO4
+ Nd(SO4)2
- Dy(SO4)2
- 
0.137 0.008 9.799 7.208 1.381 1.784 
Sm3+ Yb3+ SmSO4
+ YbSO4
+ Sm(SO4)2
- Yb(SO4)2
- 
0.118 0.132 10.37 7.584 0.232 1.128 
6.4. Comparison of results 
In relation to the results obtained in the sections above, no major differences were found if a 
comparison between ideal and non-ideal solution is performed. In this case, it could be seen 
that if the approach of non-ideal solution is taken into account it is possible to diminish the 
error in the modelling. It must be noticed that if the approach of ideal solution is taken it will 
allow reducing substantially the processing time, without committing significant errors. 
In this section, the optimization results for a non-ideal solution are compared. In Figure 35, 
Figure 36 and Figure 37 results for major components, transition metals and rare earth 
elements are presented. 
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Figure 35 - Comparison of permeances for major components to NF270 membranes in sulphuric solutions 
using virgin and aged membranes (in 0.1 and 1 M H2SO4)  
 
 
Figure 36 - Comparison of permeances for transition metals to NF270 membranes in sulphuric solutions 
using virgin and aged membranes (in 0.1 and 1 M H2SO4)  
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Figure 37 - Comparison of permeances for rare earth elements to NF270 membranes in sulphuric 
solutions using virgin and aged membranes (in 0.1 and 1 M H2SO4)  
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6.5. Physic-chemical analysis of the NF270 membranes 
Samples of the three membranes tested were analysed by FTIR. In Figure 38 the results of 
the analysis for the virgin membrane is shown.  
 
Figure 38 - FTIR analysis for a virgin NF-270 
The chemical structure of the active layer of NF-270 membrane was determined by Sotto, D. 
A. [31]. The layer is formed by piperazine poly-amide (Figure 39) 
 
Figure 39 - Piperazine poly-amide [31] 
With the wavenumber of the peaks and with the chemical structure of the polymer, the values 
given of the peaks were assigned to: 
 2000 – 1660 cm-1: C-H bond (bending) for aromatic compound. 
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 1700 – 1680 cm-1: C=O bond (stretching) for carboxylic acid. 
 1670 – 1630 cm-1: C=O bond (stretching) for tertiary amides. 
 ~ 1600 cm-1: C=C bond () for aromatics. 
 1470 – 1456 cm-1: C-H bond (bending) for alkanes. 
 1372 cm-1: O-H bond (bending) for carboxylic acid. 
 1341 cm-1: C-N bond (stretching) for aromatic amine. 
 1241 – 1092 cm-1: C-N bond (stretching) for amine. 
In Figure 40 a comparison of IR spectra is shown. There is a big peak in the wavenumber of 
3500 cm-1 (attributed to OH bond) in the IR spectra for the membrane aged in 1 M, whose 
presence is mainly due to the presence of water in the membrane when it was analysed. 
 
Figure 40 - IR spectra of the active layer of NF-270 virgin and treated with H2SO4 
A new peak is observed at a wavenumber of 2323 cm-1, which is attributed to amines 
hydrohalides (-NH3
+). There is an increase in the peak C=O for carboxylic groups and an 
increase in the peak C=N corresponding to amines. These two facts suggest a partial 
hydrolysis of the membrane (Figure 41). Similar behaviour was seen by Navarro et al. (2008) 
with other kind of polyamide membranes (DS5DL Osmonics) [34]. 
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Figure 41 - Acid hydrolysis of piperazine poly-amide 
The samples of the untreated and treated with 1 M H2SO4 membranes were analysed by 
AFM. The light regions represent the highest points and the dark points are the pores of the 
membrane. In Figure 42 the AFM for both membranes are shown. It is possible to see that 
the membrane treated with 1 M H2SO4 presents a different morphology in comparison to 
untreated membrane. A high number of depressions could be seen if both images are 
compared.  
 
Figure 42 - AFM images for NF-270 membrane; (a) Untreated, (b) Treated with 1 M H2SO4. 
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Roughness is a parameter that has a strong influence in adhesive forces and in local mass 
transfer. High roughness is related to high fouling in the membranes [35]. Roughness 
decreases from 3.38 nm to 1.92 after acid treatment, which is a sign that treatment with 
sulphuric acid prevents partially fouling. Results could not be compared to published work as 
studies with NF in acidic media were not covering any evaluation with AFM. 
One physical parameter of the membrane like the pure water permeability could be 
compared. The virgin membrane exhibits a permeability of 3.36 µm/s and, after acid 
treatment it shows a value of 3.57 and 3.69 µm/s for the membrane aged in 0,1 and 1 M 
H2SO4 respectively. These parameters were obtained at a filtration velocity of 1 m/s and a 
ΔP=22 bar.  Tanninen et al. (2007) reported a decrease in pure water permeability from 36.4 
to 17.5 µm/s at a filtration velocity of 2.5 m/s and a ΔP=15 bar after filtrating mixtures of 
copper sulphate in acidic media [36]. 
Mullet et al. (2014) studied the behaviour of NF-270 under the filtration of Mine Water at pH 
ranging from 1.5 to 4.5. At pH=1.5 rejections for sulphate are closer to 90 % and multi-valent 
cation rejection are higher than 95 %. Hydrogen rejections were not listed [3]. If these values 
are compared with those obtained with the membrane aged in 0.1 M H2SO4, sulphate 
rejection was lower (around 75 %), meanwhile metal multi-valent rejection is almost the 
same. This fact suggests a certain hydrolysis of the membrane. 
 
 
Evaluation of nanofiltration membranes for recovery and concentration of rare earth elements form acidic waters            Page 69 
 
Conclusions 
The application of nanofiltration membranes results effective to separate metals under acidic 
conditions from liquid streams. The high rejections for metals allow obtaining a stream in 
which they are presented in higher concentration than in the feed, which could make 
attractive the application of other techniques to recover them. The low rejections of acid and 
sulphate make this process an alternative to recover sulphuric acid. 
Three experiments were performed with membranes untreated and treated or aged with 
sulphuric acid. The membrane treated with 0.1 M H2SO4 does not present any significant 
change in comparison with the virgin membrane. On the other side, the membrane treated 
with 1 M loses its properties. This fact could be seen when rejection curves are compared, as 
well as if ion permeances and IR spectra are compared. For that reason it is important to find 
and develop membranes that could work more time under extreme conditions of acidity. 
When experiments are modelled, the approach of ideal solution allows obtaining similar 
values in the case of non-ideal solution. This fact reduces significantly the computing time 
without increasing dramatically error prediction. 
Due to the high fluxes in which experiments are performed the effect of concentration 
polarisation becomes larger, which makes that rejections barely increase when flux also 
does. For that reason it is important to seek correlations to take into account this effect when 
experiments with weak electrolytes are carried out. If this phenomenon will be taken into 
account a better prediction of the performance of membranes will be achieved. 
Further steps will involve the evaluation of different membranes to compare which one is the 
ideal to treat acid mine drainage and the filtration of real waters to study its performance onto 
the separation. 
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Appendix 
 
Figure 43 - Aluminium fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 44 - Aluminium fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa 
software) 
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Figure 45 - Sulphate fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 46 - Sulphate fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa software) 
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Figure 47 - Copper fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 48 - Copper fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa software) 
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Figure 49 - Zinc fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 50 - Zinc fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa software) 
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Figure 51 - Calcium fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 52 - Calcium fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa software) 
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Figure 53 - Lanthanum fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 54 - Lanthanum fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa 
software) 
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Figure 55 – Praseodymium fraction diagram in an ideal solution (Diagram built with Hydra/Medusa 
software) 
 
 
Figure 56 - Praseodymium fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa 
software) 
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Figure 57 - Neodymium fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 58 - Neodymium fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa 
software) 
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Figure 59 - Samarium fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 60 - Samarium fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa software) 
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Figure 61 - Dysprosium fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 62 - Dysprosium fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa 
software) 
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Figure 63 - Ytterbium fraction diagram in an ideal solution (Diagram built with Hydra/Medusa software) 
 
 
Figure 64 - Ytterbium fraction diagram in a non-ideal solution (Diagram built with Hydra/Medusa software) 
